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Abstract. In this research, the construction of a numerical model is proposed for the analysis of
the friction processes and the thickness of the lubrication film present in the compression ring of
internal combustion engines. The model is built using MATLAB software, and three load
conditions are used as reference (2 Nm, 4 Nm, and 6 Nm) with a rotation speed of 3600 rpm,
which correspond to a stationary single-cylinder diesel engine. Comparison between model
estimates and experimental results show that the development model could predict the actual
engine conditions. The deviation between the numerical model and the experimental data was
17%. It was shown that the increase in engine load causes a 16% increase in the friction force of
the compression ring, which implies a 50% increase in power loss due to friction processes. In
general, the model developed allows the analysis of the friction processes in the compression
ring and its effect on the lubrication film, considering the leakage of the combustion gases. In
this way, the construction of a more complex mathematical model is achieved, which allows
improving the precision in the analyzes related to the interaction between the compression ring
and the cylinder liner.

1. Introduction

The function of the compression ring is to establish a tight seal between the piston skirt and the cylinder
liner; in this way, the leakage of combustion gases is avoided since this type of leakage leads to pressure
losses inside the combustion chamber and a reduction in the energy efficiency of the engine. However,
high interaction between the compression ring and the cylinder liner causes an increase in friction forces,
and therefore a loss in engine power [1,2]. Due to the above, it is necessary to establish an adequate
interaction between the cylinder liner and the compression ring. Studies available in the literature show
that approximately 11.5% of fuel energy is used to overcome engine friction [3]. It is estimated that the
greatest mechanical losses are located in the piston assembly, which represent between 38% — 68% of
the total mechanical losses [4]. The piston rings are responsible for 45% of the losses in the piston
assembly. Therefore, it can cause a significant deterioration in the performance of the engine [5].

Due to the influence that the interaction between the compression ring and the cylinder liner has on
the performance of the engine, it is necessary to use models that allow predicting the energy losses
experienced by the engine [6]. In the literature, different formulations with different degrees of
complexity are shown to study the behavior of the compression ring; Baelden and Tian [7] used finite
element analysis to evaluate the influence of ring deformation on lubricant transport. Baker, et al. [8]
developed a three-dimensional elasto-dynamic ring model; From the results obtained, it was shown that
the dynamics of the piston rings affect the wear of the piston liner, the degradation and consumption of
oil, and the formation of hydrocarbon products. Xu, ef al. [9] indicated that friction processes have direct
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implications on the surface wear of the cylinder liner. Peng, ef al. [10] reported that wear and friction
between the compression ring and the cylinder liner could cause engine instability. Baker, et al. [11]
studied the effect of compression of the piston ring on the pressure loss of the combustion chamber.
Tian [12] constructed a finite element model to evaluate oil transport and piston ring lubrication. The
results indicate that the dynamics of the rings significantly influence the tribological characteristics
present in the contact of the cylinder liner and the piston skirt. Additionally, it was concluded that the
study of the dynamics of the compression ring is a requirement to accurately understand the power losses
of the engine.

Combustion gas leakage is a phenomenon present between the compression ring and the cylinder
liner, which affects the dynamic behavior of the ring. This phenomenon causes energy losses, an increase
in the temperature of the engine body, and an increase in the oil temperature. Additionally, it causes
lubrication disturbances, increased oil consumption, accelerated wear of oil and components, and
increased emissions, especially particulate matter and hydrocarbons [5]. Due to the aforementioned, the
analysis of the dynamics of combustion gas leaks is essential for a more precise compression of the
energy losses present during the combustion process of internal combustion engines.

According to the above, the present investigation proposes the development of a mathematical model
to describe the dynamic and tribological characteristics present between the compression ring and the
piston liner, considering combustion gas leaks, which are generally neglected in this type of analysis.
The foregoing, with the aim of providing physics with a model that allows better precision and
understanding of the energy losses caused by the compression ring of the piston.

2. Methodology

This section describes the numerical models used in the study, which involve hydrodynamic lubrication
and combustion gas leak models; additionally, the numerical procedure used in the investigation is
specified.

2.1. Hydrodynamic lubrication model
The hydrodynamic behavior between the compression ring and the cylinder liner was modeled by using
the Reynolds equation, as shown in Equation (1) [13].
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where P is the pressure distribution, h is the film thickness, p is the kinematic viscosity and vy, is the
sliding velocity; the dynamic viscosity (1) and the density (p) of the lubricant are determined from the
correlations proposed by Houpert [14] and Dowson-Higginson [15], which are indicated in
Equation (2) and Equation (3).
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where ¢, = 1.98 X 108 Pa and N, = 6.31 X 107> Pa-s are constants of the model, s, is the
thermo-viscosity index, Z is the piezo-viscosity index, and y is the coefficient of thermal expansion of
the lubricant. The subscript o indicates atmospheric conditions. The sliding velocity (v, ) of the

compression ring is considered equal to the velocity of the piston. Therefore, v, can be determined by
Equation (4) [16].
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where r is the crank radius, w is the crankshaft angular velocity, | is the connecting rod length, and
0 is the crank angle. The power loss (P;) in the compression ring is determined by Equation (5) [17].

P = (fv+fb)'|vp|a ®)
where f;, is the viscous friction and f}, is the ring boundary friction, respectively.

2.2. Combustion gas leak model
As the pressure inside the combustion chamber increases, the combustion gases tend to be directed into
the grooves between the compression ring and the piston. The mass flow rate () is determined

considering an isentropic behavior, as shown in Equation (6) [18].
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where Cg is the coefficient of discharge, Ag is the downstream ring end gap area, f;, is the
compressibility factor, T, is the orifice upstream temperature, R is the ideal gas constant and P, is the

gas pressure upstream. The coefficient of discharge (C¢) and the compressibility factor (fy, ) are
calculated by Equation (7) and Equation (8) [18].
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where Py is the gas pressure downstream, and y is the ratio of the specific heats; the power loss
associated with the leak of combustion gases (Py) is determined by Equation (9) [19].

Py = mEY (1 - [P—d]yT_l) ©)
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2.3. Numerical procedure
The equations described in section 2.1 and section 2.2, are solved using the ode45 solver of the
MATLAB software; Figure 1 describes the flow diagram of the numerical model.
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Figure 1. Numerical model flow diagram.
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The reference conditions of the numerical model are based on the technical and operational
characteristics of a stationary single-cylinder diesel engine. The properties of the engine are described
in Table 1. A constant rotational speed of 3600 rpm and three load conditions (2 Nm, 4 Nm, and 6 Nm)
were selected for the numerical analysis of the engine.

Table 1. Technical specifications of the engine.

Characteristics Value
Model SK — MDF 300
Manufacturer SOKAN
Stroke 63 mm
Bore 78 mm
Intake system Naturally aspirated
Displaced 300 cc
Injection system Direct injection

3. Results

This section describes the results and discussions obtained for the present investigation; the analysis
carried out includes the evaluation of the friction force and the analysis of the loss power associated
with this force. Additionally, a study of the change in the thickness of the lubrication film is carried out,
as well as the pressure conditions present in the compression ring.

3.1. Experimental validation

To guarantee the reliability of the model, a comparison was made with the friction force during the
combustion cycle measured experimentally. This measurement was carried out with a rotation speed of
3600 rpm and a load of 6 Nm. The results of the comparison between the model and experimental data
are shown in Figure 2.

From Figure 2, it was observed that the model could represent the real behavior experienced by the
compression ring of the engine. The adequate similarity was evidenced in both magnitude and trend
between the model and the experimental data. Analysis of the mean relative error shows a deviation of
17%. Due to the difficulty for the actual measurement of the friction force on the piston, the error reached
is considered adequate [20].

The analysis of the pressure inside the combustion chamber throughout the combustion cycle is
indicated in Figure 3 for the load conditions of 2 Nm, 4 Nm, and 6 Nm. The results indicate that pressure
tends to increase with increasing engine load levels. In general, it was observed that a 2 Nm increase in
engine load causes an 11% increase in peak combustion pressure. This may imply greater ease of
combustion gas leakage and greater power losses due to friction processes between the compression ring
and the cylinder liner.
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Figure 2. Comparison between the friction Figure 3. Average pressure of the pneumatic
force obtained experimental vs. model. network.
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Figure 4 shows the influence of the engine load on the friction force present in the compression ring;
it was observed that the maximum magnitude of the friction force occurs during the expansion process
(360° — 540°) for all load conditions. This can be attributed to the reduction in the lubrication film and
the high acceleration experienced by the piston during this stage. In general, the increase in engine load
causes an increase in the friction force. For the load conditions of 2 Nm, 4 Nm, and 6 Nm, a maximum
force of 25.6%, 29.4%, and 34.8% was recorded, respectively.

The friction force causes a loss of power, which can be seen in Figure 5. Increasing the engine load
tends to increase the loss of engine power. This is directly associated with the greater magnitude of the
friction force, as shown in Figure 4. In general, the greatest losses occur during the middle of each stage
of combustion. This is due to the mixed lubrication regime condition present during these parts of the
cycle.
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Figure 4. Friction force for different load Figure 5. Friction power loss for different load
conditions. conditions.

Figure 6 indicates the minimum lubrication film thickness during the combustion cycle for different
load conditions. In general, the smallest thickness of the lubrication film was located at the angles of
180°, 360°, 540°, and 720°, which coincide with the change in the direction of movement of the piston.
This facilitates the formation of a mixed lubrication regime, and therefore, the reduction in the minimum
thickness of the lubrication film. A minimum lubrication film thickness of 1.50 um, 2.19 um, and
3.23 um was reported for a load of 2 Nm, 4 Nm, and 6 Nm, respectively.
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Figure 7 indicates the localized pressure in the bottom groove between the compression ring and the
piston during the combustion cycle. From the results obtained, it is shown that the pressure curves
present a similar behavior for the different load conditions. The maximum pressure peak was located
approximately at an angle of 440°, which corresponds to the descent of the piston during the expansion
stage; for a load of 2 Nm, 4 Nm, and 6 Nm, maximum pressure of 3.45 bar, 3.83 bar, and 4.44 bar was
obtained, respectively. This pressure increase implies a greater amount of flow gas leakage.

4. Conclusions

In this research, the development of a numerical model for the analysis of the friction processes
experienced by the compression ring is proposed, considering the hydrodynamic lubrication
characteristics and the combustion gas leaks present in the combustion chamber jointly. The
development of the model was carried out using MATLAB software, taking as reference three load
conditions (2Nm, 4 Nm, and 6 Nm) with a rotation speed of 3600 rpm.

Comparison between model estimates and experimental results show that the development model
could predict the actual engine conditions. In general, the deviation between the numerical model and
the experimental data was 17%, which is acceptable for the type of study carried out. The model allowed
the analysis of friction forces and the associated energy loss during the combustion cycle. The increase
in engine load was shown to cause a 16% increase in the friction force of the compression ring. The
above implied an increase of approximately 50% in the power loss due to friction processes. The model
allowed to analyze the minimum thickness of the lubrication film, showing that the change in the
direction of the piston movement causes the greatest risk of wear in the engine. For the load conditions
of 2 Nm, 4 Nm, and 6 Nm, a minimum lubrication thickness of 1.50 um, 2.19 um, and 3.23 pm, was
reported, respectively. Additionally, it was observed that the increase in engine load causes a 15%
increase in the pressure of the bottom ring groove.

In general, the model developed allows the analysis of the friction processes in the compression ring
and its effect on the lubrication film, considering the leakage of the combustion gases, which is usually
ignored in this type of analysis. In this way, the construction of a more complex mathematical model is
achieved, which allows improving the precision in the analyzes related to the interaction between the
compression ring and the cylinder liner.
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